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A class of small aspect ratid) stellarators is found that does not rely on quasisymmetrization
to achieve good confinement. These systems depart from canonical stellarators by allowing a small
net plasma current. An optimization procedure with bounce-averaged omnigeneity and other desirable
physical properties as target criteria is described and applied to show the existence of a compact plasma
device havingd < 3, high 8 (ratio of thermal energy to magnetic field energy), and low plasma current.
The added design flexibility afforded by the plasma current leads to an attractivé hoderid device
which is stable to magnetohydrodynamic ballooning modeg#or< 6%. [S0031-9007(97)05027-8]

PACS numbers: 52.55.Hc

The tokamak, a toroidally symmetric plasma trap thatbe susceptible to magnetic surface breakup. Low edge
uses a large plasma current to produce a confining poloidélansform values:. = 0.1 reduce the fragility of the
magnetic field, has been the most successful plasma comagnetic configuration. We have found that one way to
finement device to date, simultaneously achieving highmaintain this low pedestal value far as the pressure
temperaturd7; = 10 keV) and highg (< 10%) plasmas. increases is to add a small, net toroidal current. This
However, the difficulty and expense of driving a largecurrent also increases the design space for optimization
steady-state current, along with the complexity of protectof stability and transport, as discussed below.
ing against current disruptions, is a disadvantage in a fu- Quasisymmetry restricts the nonzero components of the
sion reactor. Low aspect ratid < 3) stellarators [1-4] |B| spectra to be multiples of a fixed helicity:{n value,
offer the attractive feature of a compact steady-state fusiowhere m is the poloidal, and: is the toroidal, Fourier-
power system with high volume utilization and reducedmode number), since the pressure in stellarators is limited
current-drive requirements. Stellarators, which are nonby helically increasing the allowablg of compact stel-
symmetric plasma traps relying on external coils to prodarators by easing the quasisymmetry constraint. We have
duce the internal transform needed for confinement antherefore considered alternative techniques for reducing
stability, also have less current disruption potential comthe particle orbit excursions away from magnetic flux sur-
pared with tokamaks. faces. A general approach has been implemented which

Compact (lowA) stellarators have been previously con- uses the alignment of contours of the approximate second
sidered unattractive for several reasons. They suffereddiabatic invariant [10) = ¢ vjdl with magnetic flux
from poor neoclassical (collisional) transport due to lacksurfaces) = const {# denotes the enclosed toroidal flux).
of symmetry, low stability8 limits due to localized he- Here, the integral for trapped particles is along a mag-
lical wells in bad curvature regions of the plasma, andhetic field line between orbit turning points wharg = 0.
fragility of magnetic surfaces due to low order resonancesThe component of the bounce-averaged particle drift, nor-
Recently, progress has been made in substantially improwaal to a magnetic surface, satisfigg, - Vi) < 9J /9.
ing their collisional confinement by designing systemsHere 9 is the poloidal angle which varies the short way
with “quasisymmetry.” (A quasisymmetric confinement around the flux surface. Thus, a configuration which satis-
system is one in which thi| Fourier spectra, in Boozer fiesJ = J(i) leads to confinement improvement over the
magnetic coordinates [5], has spatial symmetry, but irentire trapped particle population and reduces the number
which the metric tensor is generalyt symmetric. Since of transitional particles (particles near the separatrix be-
the drift equations in Boozer coordinates depend only onween trapped and circulating particles). This criterion is
|B| and its derivatives, but not on any metric elements, the generalization to arbitrary| spectra of the optimiza-
resulting particle orbits behave as though in a symmetrition previously proposed [11] for a simple model spec-
field.) Of the two quasisymmetric approaches consideredrum consisting of only three Fourier components beyond
only quasitoroidal optimizations have been successful [6fhe axisymmetric ones. This bounce-averagethigene-
at low A, but at unattractively low values [7] @ < 2%. ity has been interpreted [12—14] in terms of equal spacing
The quasihelical approach [8] is expected to be applicablef |B| contours on a magnetic flux surface. It has also
only at higher aspect ratios [9]. been used to interpret the good confinement of alpha par-

The rather large rotational transforfm) values(c =  ticles in the larged Wendelstein-7X device [15].

0.5) associated with quasisymmetric configurations also We use thevMEC code, a three-dimensional magneto-
make them necessarily low-shear devices, which cahydrodynamic (MHD) equilibrium solver [16] which is
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based on nested magnetic surfaces, as the inner physi(a)
evaluation loop of a Levenberg-Marquardt optimizer.
A sum of squares ¥?) is minimized, consisting of
o-weighted differences between physics-bagadget
values and instantaneousnfigurationvalues (as com-
puted numerically). The configuration space is definec
by the control variables, which are the Fourier harmonics
of the cylindrical coordinatest and Z describing the
shape of the outermost magnetic flux surface. In the
case of stellarator-tokamak hybrids, the control variable:
also include the radial polynomial expansion coefficients
of the plasma current profile. This method is similar
to that originally used to design a large-quasihelical
configuration [8]. It differs primarily in the physics opti-
mization targets comprising?, which here consist of the
following: (a) alignment of/ (and specifically,Bmi, for
deeply trapped particles anl,.x to reduce transitional (b)
orbit losses) with magnetic flux surfaces, leading to term:
of the form x2 = {{aJ(y, 0, A)/20?)/o(J?) + ...
(angle brackets denote a flux surface average, the ellips
arising fromB,in and Bmax, o is the standard derivation,
and A = €/u is the pitch, with e the particle energy
and u = mv? /2B the magnetic moment); (b) matching
the rotational transform(y) to a specific radial profile
(described below); (c) maintenance of a magnetic wel
V" < 0, needed for interchange stability, over most of the
plasma cross section; and (8)= Ry/a = 3. To reduce
the twists and bends of the coils eventually requirec
to produce the optimal surface, the local flux surface
curvature is bounded. The alignment of tBgin, Bmax
and trapped/ contours withys is performed at three or
more radial flux surfaces and, fdr, at four values ofi.
The initial shape of the outer flux surface and the targeFIG. 1. (a) Outer magnetic flux surface of the unoptimized
values for the and V" profiles are obtained from vacuum configuration. (b) Outer magnetic flux surface of optimized
equilibria based on a known set of modular (externalonfiguration.
coils. In contrast to quasisymmetric optimizations, the
present method doesot directly target the magnetic a monotonically decreasing rotational transform profile,
spectrum{B,,,}. Rather, minimization of thg variation  which is tokamaklike (i.e., decreasing toward the plasma
leads to a magnetic spectrum with properties similar taedge):c = 0.3 — 0.2()/ieqqe). The optimized case also
those described in Refs. [12—14]. has a lower magnetic ripple, by a factor of 2, over most of
The optimization technique has been applied to a hybridhe plasma cross section. TBgj, contours, depicting the
stellarator device (with current) with = 8 field periods  orbits of deeply trapped particles, are shown in Figs. 2(a)
(number of identical toroidal sectionsj = 3, mean and 2(b) for these two cases. They are presented in
major radiusk = 1.3 m, (8) = 2%, and a net toroidal Boozer coordinate space in which the magnetic surfaces
plasma current 060 kA and a mean on-axis magnetic are concentric circles. The unoptimized configuration (a)
field of 1 T. The currentis small compared withl MA  has completely opeB,,, contours (i.e., all deeply trapped
in a tokamak of similar size and magnetic field. Weparticles are lost), while the optimized configuration (b)
will compare the initial unoptimized device (with?> =  has a large area of clos@,, contours.
100), whose outer flux surface was determined by a To assess the effect of optimization on the thermal con-
set of N (= 8) identical modular, tilted coils, with an finement properties, we have followed the Monte Carlo
optimized configuration based on the alignmenfaofith  evolution [17] of 256 particles started at a single inte-
 (with x> = 10). Figure 1 shows the outer flux surfacesrior radial location with a random distribution in pitch,
for the two configurations with shading to indicate thepoloidal, and toroidal angles, and a Maxwellian distribu-
constaniB| contours. The unoptimized configuration hastion in energy. The background plasma has a density of
Wy = 0) =025, o(y = eaee) = 0.15, and a central 5 X 10'* cm3, and all particles have a temperature of
region of reversed shear, while the optimized case hak keV, putting the plasma in a low collisionality regime
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FIG. 3. Comparison of Monte Carlo loss rates of unoptimized
andJ-optimized configurations for various values(g).

7 to roughly a factor of 10 confinement improvement com-
] pared with the initial configuration. The besbptimized

1 case shown here has a loss rate within a factor of 8 of
the equivalent tokamak when no radial electric field is
present, and foed /kT; ~ 1, the loss rate is reduced to a
factor of 2 (of the tokamak).

The confinement of collisionless energetic particles is
one of the primary motivations for these optimizations.
Plasma heating efficiencies can depend sensitively on the
confinement of energetic particle tail populations. As a
result of the high level of magnetic ripple in these configu-

rations, a significant loss channel might be expected. In

B EE— order to quantify this, we followed a small ensemble of or-

¥'/%cos0 bits at 40 keV that initially pass through the magnetic axis
and have a range of pitch angles: initial valuegf/v)
running from —0.6 to +1 [orbits with —1 < v /v) <
—0.6 are confined in both configurations]. We find that
although the unoptimized configuration has a signifi-
where largel /v helical ripple losses would occur without cant loss cone over the range.2 < (v)/v) < 0.4, the
optimization. The escape of particles and energy througti-optimized configuration has completely healed the loss
the outer flux is monitored as a function of time, yield- cone and confines all of the orbits considered. Further-
ing a loss rate which includes both direct orbit lossesmore, calculations show that even at energies approaching
and diffusive losses and involves no assumptions regardtO0 keV, the optimized configuration confines all orbits.
ing localized (small step size) transport. In Figure 3 weAbove 400 keV, the deeply trapped orbits become lost be-
show the particle loss rates versus time for the originatause of the breakdown df conservation. The passing
configuration (8) = 2%) and several-optimized cases orbits are still confined, but with significant orbit displace-
(B) = 2,4,and 6%) along with an equivalent tokamak mentsAa = 0.5.
case (obtained by retaining only the axisymmetrie= 0 The present configuration was optimized at a relatively
harmonics in thdB| spectrum of the/-optimized cases). low value of (8) = 2%. To test its high-pressure bal-
These simulations clearly demonstrate that the optimizalooning stability properties, we have raised the plasma
tion procedure can substantially reduce loss rates, leadimqgessure to(B) = 6%, keeping the . profile fixed

FIG. 2. (&) Bmin contours for unoptimized case. (Bmin
contours for optimized case.
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